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ABSTRACT
Epithelial cell movement is a key process in development, tissue reparation, and tumor
metastasis. Epithelial-mesenchymal transition is controlled by several factors, including Rab
GTPases and the GEF cytohesins, which regulate ARF GTPases and the recycling of proteins to
plasma membrane. To visualize association of cytohesins with various endosomal compartments,
rapamycin has been used as a linker drug to induce migration of Rab-positive compartments to
the cell-center. In this study, the rapamycin assay was optimized to quantify Rab-positive protein
interactions and cytohesin recruitment to various endosomal populations within cells, and to
establish a robust method of investigating protein associations with different endosomal
compartments. HeLa cells were transfected with myc-FRB proteins, fluorescent compartment
markers, and pBa-flag BicD2 FKBP before treatment with rapamycin. A 3-hour treatment time
produced the most significant reduction in particle number (93%) and size (94%) as expected
and transfection variations revealed myc-FRB proteins preferentially bind to their respective
fluorescent compartment marker (p< 0.0001). Rab5a with Rab7, and Rab8a with Rab11 and
EHD1 were also shown to associate with one another at increased levels. Transfection with
cytohesin-2/ARNO did not show significant variable association with any myc-FRB proteins.
Overall, a usable assay was developed that can continue to be used to analyze protein/endosomal
interactions. Future studies will lead to a deeper understanding of protein interactions with
endosomal compartments within the cell for application to drug discoveries regarding cancer and
other related diseases.

ii

TABLE OF CONTENTS

LIST OF FIGURES ..................................................................................................... iii
LIST OF TABLES ....................................................................................................... iv
ACKNOWLEDGEMENTS ......................................................................................... v
Chapter 1 Introduction ................................................................................................. 1
Epithelial Cell Migration ................................................................................................. 1
Regulators of Epithelial Migration .................................................................................. 3
Endocytic Trafficking ...................................................................................................... 6
GTPases ........................................................................................................................... 7
Cytohesins in Trafficking ................................................................................................ 10
Rapamycin Assay............................................................................................................. 12
Experimental Objective ................................................................................................... 14

Chapter 2 Materials and Methods ................................................................................ 15
HeLa Cell Culture ............................................................................................................ 15
Protein Constructs ............................................................................................................ 15
Rab Transfection .............................................................................................................. 16
Rapamycin Assay and Immunostaining........................................................................... 16
Mounting Cells and Visualizing Protein Expression ....................................................... 16
Rapamycin Time Scale Data Analysis ............................................................................. 17
Rab Interaction Data Analysis ......................................................................................... 17

Chapter 3 Results ......................................................................................................... 19
Rapamycin Assay Optimization ...................................................................................... 19
Rab Endosomes Show Recruitment of Expected Rabs.................................................... 22
Classifying ARNO Interactions ....................................................................................... 30

Chapter 4 Discussion ................................................................................................... 32
BIBLIOGRAPHY ........................................................................................................ 36

iii

LIST OF FIGURES
Figure 1: Epithelial-Mesenchymal Transition ......................................................................... 4
Figure 2: GTPase Cycle ........................................................................................................... 8
Figure 3: Cytohesin Protein Domains...................................................................................... 11
Figure 4: Method of Rapamycin Linkage ................................................................................ 12
Figure 5: Visualization of Protein Movement in Rapamycin Assay ....................................... 13
Figure 6: Rapamycin Time Scale 0 Hour ................................................................................ 19
Figure 7: Rapamycin Time Scale 1-3 Hour ............................................................................. 20
Figure 8: Rapamycin Time-Scale Particle Number (+/- SE) ................................................... 21
Figure 9: Rapamycin Time-Scale Particle Size (+/- SE) ......................................................... 22
Figure 10: Association of HeLa Cells Transfected with Various myc-FRB and Fluorescent
Compartment Markers ..................................................................................................... 24
Figure 11: Percent Fluorescence in myc-FRB Concentrated Compartment based on Fluorescent
Compartment Marker (+/- SE) ......................................................................................... 26
Figure 12: Mean Fluorescence in myc-FRB Concentrated Compartment vs. Overall Cell
Fluorescence (+/- SE) ...................................................................................................... 29
Figure 13: Percent Fluorescence in myc-FRB Concentrated Compartment based on YFP ARNO
(+/- SE)............................................................................................................................. 30
Figure 14: Mean Fluorescence of YFP ARNO in myc-FRB Concentrated Compartment vs.
Overall Cell Fluorescence (+/- SE) (N=10) ..................................................................... 31

iv

LIST OF TABLES
Table 1: Rab Protein Location and Function ........................................................................... 9

v

ACKNOWLEDGEMENTS

The completion of my thesis would not have been possible without the support that I
have received both inside my research and outside my research lab over the past four years. I
would first like to thank my thesis advisor, Dr. Lorraine Santy, for everything she has taught me
and continues to teach me to this day. I entered her lab my first semester of sophomore year and
what I have learned is immeasurable- from different lab techniques, to how to organize my data
and experiments, to presenting at lab meetings. She has never failed to show patience and
understanding in all aspects.
I would also like to thank all of the other individuals that make up the Santy lab. Kailee
Jump has been a source of positivity and encouragement, as well as teaching me how to take care
of cells, transfect them, and perform many of the key techniques present in my thesis. Thank you
to Nicole Kaplan and Dr. Emily Bell as well, for assisting me in the lab and helping me figure
out how to best analyze my data. I look forward to going into lab every day knowing that
everyone there is rooting for the success of one another.
Beyond my research lab I would like to thank my family and friends for their constant
support. They have always believed in me even when I failed to believe in myself and pushed me
to reach for my greatest potential. I am so grateful for them and could not imagine where I would
be without them.
Finally, I would like to thank Penn State Schreyer Honors College and Eberly College of
Science for funding my project and making all of my research experiments possible.

1

Chapter 1
Introduction

Epithelial Cell Migration
Epithelial Cells
Epithelial cells line the outside of organs and blood vessels as well as the inside of
several body cavities within animals, serving as the first contact between “self” and “non-self”.
Sheet-like in structure, epithelial cells sit on the basement membrane- a selectively permeable
protein fiber scaffold that separates epithelial cells from surrounding tissue- and are held together
by apical junctions. The roles of epithelia in absorption, secretion, and barrier formation are
essential. For example, epithelial cells lining the lung permit the diffusion of oxygen and carbon
dioxide gases but do not permit the diffusion of pathogens and toxins (Lowe and Anderson
2015).
Cell polarity allows epithelia to function. The side in contact with the lumen, is termed
apicolateral while the side in contact with the basement membrane, is termed basolateral. Cell
polarity is dependent on the division and specialization of the plasma membrane into
compartments, and the organization of cell contents into those defined compartments. The proper
transport of proteins and recovery of improperly transported proteins also is essential for cell
polarity (Edelblum and Turner, 2015).
Contributing to cell polarity and epithelial sheet-like structure are tight and adherens
junctions that anchor cells to one another and components of the extracellular matrix. Both
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junctions are made of F-actin and myosin and together form the apical junctional complex.
Recent research shows that only adherens junctions are necessary for proper membrane protein
distribution and transport. Mice with non-functioning adherens junctions demonstrate a loss of
barrier regulation, developing enteritis and epithelial dysplasia (Edelblum and Turner, 2015).
Epithelial Cell Movement
Epithelial cells are usually stationary, tethered to one another by tight junctions and an Factin network. When a process, such as wound healing, necessitates cell movement, the junctions
are broken. Cells can also migrate collectively, with migration dependent on cell-cell and cellsubstrate factors such as substrate adhesion level (Ravasio et al., 2015). Cell migration is needed
for processes such as tissue repair, embryogenesis, and organogenesis. This transition from
epithelial cell to mesenchymal cell phenotype also occurs in cancer progression and metastasis
(Lamouille et al., 2014).
The Bigger Picture: Unregulated Epithelial Growth
When epithelial cells gain the ability to divide and grow without normal regulation, a
tumor may form. Tumors are the most easily observed defining factor of cancer, a genetic
disease initiated by multiple genomic and environmental changes. Cancer, according to the 2017
data from Centers for Disease Control and Prevention (CDC), is the second leading cause of
death for individuals in the United States- claiming nearly 600,000 lives annually (National
Center for Health Statistics, 2017).
Types of cancer include cancers of connective tissues, the nervous system, and epithelial
cells. However, epithelial cell tumors, termed carcinomas, account for over 80% of lifethreatening cancers (Weinberg, 2013). Different carcinomas include lung, colon, breast,
pancreas, stomach, and skin cancer, among others. These tumors can be benign, but often
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metastasize. Metastatic tumors exhibit migration of cancer cells from a primary site to an
additional site in the body where colonization and additional tumor formation can occur. Up to
90% of cancer deaths can be attributed to metastatic tumors and metastasis is highly correlated
with a worse prognosis for patients (Lamouille et al., 2014). Studying the initiation of migration
in epithelial cells is therefore critical in treating cancer metastases of epithelial tumors. With a
deeper understanding comes the potential to develop more efficient and effective drugs and
treatment methods alike.

Regulators of Epithelial Migration
Epithelial-Mesenchymal Transition
Understanding the migration of epithelial cells begins with Epithelial-Mesenchymal
Transition (EMT) —the biological process that allows for epithelial cell movement in
previously-mentioned processes of development, wound healing, and cancer progression as well
as stem-cell formation and fibrosis. Although characteristics are largely conserved, differences
do exist between cell/tissue types, and some cells may never undergo the complete
transformation —termed partial EMT. In addition, cells can undergo multiple rounds of EMT
and Mesenchymal-Epithelial Transition (MET; Lamouille et al., 2014).
Key components of EMT include a loss of cell junctions, loss of apical-basal polarity,
and a shift from epithelial cell-marker expression to mesenchymal cell-marker expression. This
includes loss of E-cadherin and cytokeratin in favor of N-cadherin and vimentin (Kalluri et. al.,
2009). The process begins with a change in the cytoskeleton structure through the formation of
lamellipodia, filipodia, and invadopodia. Sheet-like lamellipodia constitutes a filament-supported
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membrane at the leading edge. Spike-like filopodia, projections of cytoplasm, reach beyond the
leading edge and function in environment recognition, migration, and cell interaction.
Invadopodia, membrane protrusions, secrete proteases that lead to the degradation of the ECM
and are characteristic of metastatic cancer cells. As the cell increases contractility, integrins are
recycled from the lagging to the leading edge in order to establish new protein adhesions.
Research shows that increased αvβ6 integrin expression, along with protease expression, aids in
the invasive abilities of cancer cells (Shah et al., 2011).

Figure 1: Epithelial-Mesenchymal Transition
During EMT, cells create new focal adhesions at the leading edge of the lamellipodium
extensions. Actinomyosin contractions at the lagging edge allow the cell to break old focal
adhesions and migrate (Adapted from Weinberg, 2013 Figure 14.36).

In addition, changes within the cell during EMT serve to enhance migration. For one,
cells can also express matrix metalloproteinases (MMPs) that effectively chop up the
extracellular matrix and allow for migration. Cells that undergo EMT also gain an increased
ability to resist senescence and apoptosis. Lastly, proteins that are regulated at the transcriptional,
translational, and post-translational levels are altered through signaling pathways that respond to
both intracellular and extracellular cues (Lamouille et al., 2014). For example, an increased level
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of leptin triggers an EMT, and plays an important role in the progression of breast cancer (OleaFlores et al., 2018).
Hepatocyte Growth Factor
EMT and migration are regulated by many factors, including Hepatocyte Growth Factor
(HGF; also known as ‘scatter factor’). HGF is a cytokine that activates the receptor tyrosine
kinase (RTK) c-Met. HGF signaling functions in developmental morphogenesis, wound repair,
and organ homeostasis, whereas mutation, overexpression, and/or amplification of HGF has been
found in several human cancers and contributes to cancer metastasis (Trusolino et al., 2010).
Maturation and activation of HGF, secreted by mesenchymal cells, are stimulated by
inflammatory factors such as interleukin-1a (IL-1a), IL-1B, tumor necrosis factor- (TNF), and
prostaglandin E2 (PGE2; Matsumoto et al., 2017). Upon activation, HGF induces dissociation
and scattering of epithelial cells. Acting through dynamic and varied protein signaling pathways,
the ultimate results of activation include survival through the Akt/PKB pathway, motility and
invasion through the FAK or ERK/MAPK pathway, transformation through the JNK pathway,
and proliferation/cell cycle progression through the ERK/MAPK pathway (Organ et al., 2011).
The dependence of some cancers on sustained c-Met signaling makes it an appealing
target for anti-cancer treatments. Termed “oncogene addiction”, gastric and non-small cell lung
carcinomas can show MET gene amplification. On the other hand, “oncogene expedience” in
various cancers have shown secondary activation of c-MET as a result of upregulation by other
oncogenes, hypoxia, cytokines, angiogenic factors, and HGF (Organ et al., 2011). Trials
conducted in 2017 with small molecule inhibitors cabozantinib and crizotinib on individuals with
advanced non-small cell lung cancer produced promising results. Cabozantinib is known to
inhibit c-MET, VEGFR2, AXL, KIT, TIE2, FLT3, and RET signaling while crizotinib inhibits c-
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Met and ALK activity (Mo et al., 2017). Current research is also exploring using c-Met/HGF
signaling pathway as a biomarker in several types of cancer, including cervical cancer. Higher
expression levels of circulating HGF is also associated with cancer (Boromand et al., 2017).

Endocytic Trafficking
Endocytosis
Endocytosis, the uptake of material into the cell, plays a key role in migration. It allows
for cells to regulate protein, receptor, and adhesion molecule levels on the cell surface, allowing
for communication with other cells and the environment (Mellman and Yarden, 2013). The two
main pathways of internalization can be categorized into clathrin-dependent and clathrinindependent. Clathrin-independent mechanisms include caveolae-mediated endocytosis,
macropinocytosis, and phagocytosis. The molecules that enter the cell by both pathways are
sorted by endosomes to their respective fates (Elkin et al., 2016).
Endosomes and Trafficking
Endosomes are membrane-bound vesicles that form a trafficking network and sort
endocytosed material to specific membrane-bound compartments. Three major types of
endosomes exist —early, late, and recycling. Classification of endosomes are determined by the
speed in which endocytosed molecules and material in small vesicles reaches the respective
endosome, uncoats, and fuses. Endosomes undergo maturation from early to late through
acidification. Trafficking direction is maintained by changes in phosphatidylinositol
phospholipids (PIPs), whose phosphorylation states mediate trafficking processes, as well as
recruitment of specific Rab proteins.
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Upon uptake, multiple fusion events result in the creation of an early sorting endosome
(Salzman and Maxfield, 1988). Potential destinations for material include recycling back to the
plasma membrane, transfer to the trans-Golgi network via retrograde trafficking, or transport to
the lysosome for degradation. Destinations are determined by ligand-receptor pH sensitivities,
endosomal geometry, and sorting signals present in cargo molecules (Elkin et al., 2016).
Integrins
Just as important as endosomes, integrins are heterodimeric receptors that play vital roles
in cell proliferation, migration, differentiation, and death (Legate et al., 2009). Upon formation
of adhesion complexes and integrin clustering, ligands bind resulting in as conformational
change in the receptor and internalization. Receptor trafficking through endocytosis is regulated
by levels of receptor present at the plasma membrane. Integrins containing vesicles can fuse with
endosomes for eventual degradation, but are more likely to be recycled due to their long
degradation —with a half-life ranging from 12-24 hours (Dozynkiewicz et al., 2012). Migratory
epithelial cells exhibit directional integrin trafficking with internalization occurring at the
backside and recycling at the leading edge. Integrin trafficking is able to regulate focal adhesion
turnover, the key to migration. Lack of proper regulation can lead to cancer metastasis (Paul et
al., 2015).

GTPases
GTPases: Overview
The effects of HGF are mediated by GTPases, enzymes that bind to and hydrolyze
guanosine triphosphate (GTP). GTPases in the Ras superfamily are small proteins that regulate
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intracellular membrane traffic and epithelial cell migration upon presence of movement signals,
such as HGF. Categorized into the Ras superfamily, GTPases are further broken down into
subfamilies: Arf/Sar, Rab, Rho, and Ral. GTPase activity is switch-like, with the bound
nucleotide regulated by guanine nucleotide exchange factors (GEFs) and GTPase-activating
proteins (GAPs). GEFs trigger dissociation of bound GDP for GTP, the active state while GAPs
catalyze the hydrolysis of GTP to GDP, the inactive state. When active, GTPases bind to effector
proteins, either activating them or triggering formation of protein complexes (Mizuno-Yamasaki
et. al., 2012).

Figure 2: GTPase Cycle
The GTPase is in the inactive conformation when bound to GDP and the active state when bound
to GTP. Exchange of GDP for GTP is facilitated by GEFs, while dephosphorylation of GTP is
facilitated by GAPs (Adapted from Carvalho et al., 2015)

Rab family
Rab GTPases contribute to the structural and functional identity of membrane-bound
compartments, acting as soluble and specifically localized essential membrane proteins upstream
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of Rho and Arf GTPase subfamilies. Upon activation, they bind to effector proteins that function
in membrane trafficking to facilitate vesicle transport and membrane fusion. Rabs also have roles
in cell growth, differentiation, and signaling transduction pathways. Rab proteins are both
spatially and temporally regulated. Approximately 75% of the 70 known human Rab proteins are
involved in endocytic trafficking (Wandinger-Ness and Zerial, 2014).
Although different Rabs can bind to the same effector, Rabs characterize themselves by
the specific membrane compartment to which they bind (Zhen and Stenmark, 2015). The GEFs
and GAPs associated with each Rab are also unique, with each Rab recruiting the GEF that will
activate the next Rab in the signaling pathway. The intricacies and complexity of these signaling
pathways make targeted and unique trafficking pathways within the cell possible (Pfeffer, 2017).
Table 1: Rab Protein Location and Function
(Adapted from Wandinger-Ness and Zerial, 2014)
Rab

Localization
clathrin-coated vesicles, early
Rab5a,b,c endosomes, phagosomes
late endosomes, lysosomes,
Rab7
autophagosomes
recycling endosomes and GLUT4
Rab8
vesicles
recycling endosomes and transRab11a,b Golgi network

Function
early endosome fusion and biogenesis
early-to-late endosome and late endosome-Golgi transport,
lysosome biogenesis, autophagosome maturation
trans-Golgi network to plasma membrane trafficking, adherens
junction assembly, cilial transport, GLUT4 vesicle translocation
endocytic recycling, recycling endosome-to-plasma membrane
transport, cytokinesis, ciliogenesis, autophagy

Increased expression of certain Rabs, specifically Rab1a, Rab3a, and Rab5a have been
linked to cancer progression (Goldenring, 2013). Rab5a has been shown to be overexpressed in
breast cancer (Frittoli et al., 2014). However, lack of Rab25 in colon cancer shows Rabs can also
have a tumor-suppressive function (Goldenring et al., 2001).
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Arf family
ADP-ribosylation factor (Arf) GTPases function in membrane trafficking. They regulate
recruitment of coat proteins, lipid composition of the membrane, and interact with other
regulators, such as Rabs. The six Arf proteins in humans are broken into three families based on
sequence homology (Salem et al., 2015).
Arf6, the only protein in Class III, regulates endocytosis, cell adhesion, and cell
migration from the plasma membrane. Arf6 has been shown to mediate recycling of endosomal
membranes back to the plasma membrane, therefore specifying the location of Cdc42, Rac, and
Par6 complex to the leading edge of migrating cells. Arf6 similarly regulates endosomal
trafficking and activation of Rac1 for cell migration. Eps-12 homology domain-containing
protein 1 (EHD1), an accessory protein involved in regulation of integrin internalization, as well
as Rab8 and Rab11, are known to work with Arf6 in trafficking and colocalize with Arf6 at
recycling endosomes (Salem et al., 2015, Koubek and Santy, 2016). Relating to disease,
inactivation of Arf6 is essential for proper cell function (Donaldson and Jackson, 2011). Absence
of Fbx8, a protein that ubiquitinates Arf6 to target for degradation, has been shown in several
cancer cells, suggesting a role of the protein in cancer metastasis (Sabe et al., 2009).

Cytohesins in Trafficking
Among the families of ARF-GEFs, cytohesins are the most closely associated with cell
migration. Cytohesins act downstream of HGF and are comprised of four proteins- cytohesin-1,
ARNO/cytohesin-2, Grp-1/cytohesin-3, and cytohesin-4. All cytohesins have three conserved
domains. The coiled-coil domain is on the N-terminus end and functions in protein interaction.
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The Sec7 domain is the site of GEF exchange activity and the PH domain at the C-terminal end
facilitates membrane binding upon phosphatidylinositol3 (PI3)-kinase signaling.

Figure 3: Cytohesin Protein Domains
Cytohesins are comprised of three conserved domains: the coiled-coil domain (protein
interaction), the Sec7 domain (exchange activity), and the PH domain (membrane binding)
(Adapted from Casanova, 2007).

The PH domain has differential splice variations, either a 2G or 3G form, that alter the
binding affinity of the protein. The 2G version features a high affinity for phosphatidylinositol
3,4, 5-trisphosphate [PtdIns(3,4,5)P3] (PIP3) while the 3G version features affinity for both
PtdIns(3,4,5)P3 as well as PtdIns(4,5)] (PIP2). Protein affinity determines the ability to promote
cell adhesion and integrin recycling. ARNO/cytohesin-2 exists primarily in the 3G form while
Grp-1/cytohesin-3 exists primarily in the 2G form. The 3G isoform, has been shown to facilitate
integrin recycling and display high cell adhesion levels compared to the 2G isoform (Oh and
Santy, 2012).
Falling in line with function, studies on cytohesin localization shows recruitment of 2G
cytohesins to the plasma membrane and 3G cytohesins to recycling endosomes. Grp1 is able to
bind to the second messenger phosphatidylinositol 3,4, 5-trisphosphate [PtdIns(3,4,5)P3(PIP3)]
through the PH domain and be transported to the plasma membrane (Venkateswarlu et al., 1998).
ARNO has been shown to localize to recycling endosomes and act as a regulator of R-Ras
integrin recycling (Salem et al., 2015). With this, the gap in understanding of what endosomal
compartments cytohesins bind is clear. Therefore, a new method to identify these compartments
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would result in a better understanding of the trafficking steps that are regulated by cytohesins
and the upstream signals that recruit cytohesins to these compartments.

Rapamycin Assay
Recently, a new method to move particular vesicular compartments to the center of a cell
by linking them to the motor dynein was established utilizing the metabolite rapamycin.
Rapamycin is a known immunosuppressive drug, marketed as Sirolimus, that aids in preventing
organ rejection in patients following a kidney transplant. The metabolite targets the mTOR

Figure 4: Method of Rapamycin Linkage
Rapamycin functions to link FKBP motor domain and myc-FRB protein domain to allow for
migration of the protein complex. (Adapted from Bentley et al., 2015)
signaling pathway and functions in the regulation of cell growth and metabolism (Li et al.,
2014). However, rapamycin is also membrane permeable and binds to FKBP. By using
rapamycin as a “linker” between motor protein and cargo-binding protein, both with fused
FKBP12-rapamycin binding (FRB) domains, movement of specific vesicle populations toward
the minus ends of microtubules, at the cell-center, is seen. Thus, the visualization of Rabs and
other proteins that bind to different endosomal populations is possible.
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The assay works in a straightforward fashion through the co-transfection of two protein
domains into an epithelial cell followed by rapamycin treatment. One domain consists of an FRB
and cargo-binding component that is able to bind to vesicles, but not induce movement. A
second domain consists of an FRB and motor component that is constitutively active.
Heterodimerization and migration subsequently results upon the addition of rapamycin.
Transfection with an additional fluorescent protein that binds to specific proteins of interest (e.g.
Rabs) provides evidence for preferential binding between proteins and endosomal populations
through use of fluorescence microscopy. Benefits from this method include a clear movement as
a result from recruitment and does not require live imaging. Other assays have confounding
factors in

causes of

movement, are harder to visualize, and are more time-consuming.

Figure 5: Visualization of Protein Movement in Rapamycin Assay
Upon addition of rapamycin linker, myc-FRB compartments migrate to minus ends of
microtubules at cell-center where they can be visualized through staining. Any fluorescent
protein constructs and vesicle cargo interacting with the motor domain can also be visualized.
(Adapted from Bentley et al., 2015)
However, the assay does have drawbacks. Roughly half of cells do not show drastic
changes in vesicle localization as transfections are not always successful due to the fact that
protein levels within the cell must be in a certain range. Despite this, the assay shows great
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potential to reveal binding tendencies between specific proteins and vesicles (Bentley et al.,
2015).

Experimental Objective
The project goal is to develop a new, more efficient and robust, method of investigating
cytohesin recruitment to various endosomal populations within cells. It is hypothesized that the
rapamycin assay will allow interactions between cytohesins and various Rab-positive
compartments to be clearly observed, measured, and analyzed. As a result, a deeper
understanding of endosomal interactions within the cell will be gained for application to
knowledge on the signaling pathways that lead to epithelial cell migration.
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Chapter 2
Materials and Methods
The study was conducted under the direction of Dr. Lorraine Santy, Biochemistry and Molecular
Biology Department, the Pennsylvania State University.

HeLa Cell Culture
Cells were cultured in Dulbecco’s Modified Eagle Medium including supplements of
10% fetal bovine serum (FBS), 1% penicillin-streptomycin-fungizone, and 1% L-glutamine.
Plated cells incubated at 37°C in 5% CO2.

Protein Constructs
Rab constructs were formerly created in the Santy lab or obtained from other labs. Two
constructs were obtained for Rab5a, Rab7, Rab8, Rab11a, and EHD1. One construct of each
contained a rapamycin-binding (FRB) domain while the other construct contained a fluorescent
turquoise. Motor protein, cargo-binding proteins, and 2G ARNO constructs were similarly
created in lab.
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Rab Transfection
Cells were plated 1 x 105 per ml on 25 mm flamed coverslips. Cells were incubated at
37°C overnight in order to reach optimal 70-90% confluency at time of transfection. Cells were
transfected with Rab and protein constructs following Lipofectamine 3000TM protocol
(Lipofectamine). Cells were incubated at 37°C overnight following transfection.

Rapamycin Assay and Immunostaining
Rapamycin (200 nM) was added to the cells and incubated at 37°C for 3 hours in order to
allow proteins to migrate to the cell center. Cells were rinsed with 1X phosphate-buffered saline
(PBS). Cells were incubated with 800 μl of 4% paraformaldehyde in 0.1 M sodium phosphate
buffer, pH 7.3 for 10 minutes at room temperature 21°C. Cells were rinsed twice with 1X PBS.
Coverslips were blocked with 500 μl PBS containing 10% normal fetal bovine serum and 0.2%
saponin (PBS-NS + saponin) and incubated for 10 minutes at room temperature. Coverslips were
inverted on 90 μl of Alexa Fluor® 594 anti-c-Myc Antibody (1:200 dilution) in a humidity
chamber to stain for the motor-FRB protein. Humidity chamber was placed in fridge at 4°C
overnight.

Mounting Cells and Visualizing Protein Expression
Cells were rinsed in 1X PBS, followed by a five-minute wash, three times, in 1X PBS at
room temperature (~21°C). Cells were rinsed with distilled water and mounted on glass slides
using National Diagnostics Hydromount. Slides were dried in the dark for at least 30 minutes.
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An Olympus IX83 inverted microscope was used to visualize protein fluorescence along with
Slidebook 6.0 software. Cells were examined and photographed using CFP and mCherry
channels with a 60X oil objective lens. Cells including cytohesin constructs were examined and
photographed using the YFP channel. Images were saved from each cell, one image per channel,
to allow for individual analysis.

Rapamycin Time Scale Data Analysis
Images were analyzed using FIJI software (fiji.sc; Schindelin et al., 2012), with ten cells
analyzed for each treatment group. A arbitrary threshold was applied to each image in order to
isolate the transfected fluorescent cell from the background. The binary tool was used to switch
the image to black and white and the Watershed tool was used to create particles based on
fluorescence intensity. The number of particles per cell and the size of particles was recorded and
averaged among ten cells for every treatment time.

Rab Interaction Data Analysis
Images were analyzed using FIJI software (Schindelin et al., 2012), with ten cells
analyzed for each treatment group. A threshold was applied to each image in order to isolate the
fluorescent cell from the background. The fluorescence and areas were quantified for total cell
areas as well as concentrated fluorescent areas for both CFP and mCherry channels. Cells with
cytohesin constructs were also analyzed through the YFP channel. To see if there were higher
levels of protein in the concentrated area, the following equation was used:

𝑀𝑒𝑎𝑛 𝑓𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒 𝑜𝑓 𝑡𝑜𝑡𝑎𝑙 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑒𝑑 𝑎𝑟𝑒𝑎
𝑅𝑎𝑡𝑖𝑜 𝑜𝑓 𝑖𝑛𝑐𝑟𝑒𝑎𝑠𝑒𝑑 𝑓𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒 =
𝑀𝑒𝑎𝑛 𝑓𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒 𝑜𝑓 𝑡𝑜𝑡𝑎𝑙 𝑐𝑒𝑙𝑙 𝑎𝑟𝑒𝑎
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The following equation was also used to see the percentage of increased fluorescence
between the concentrated area and total cell area:
𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑜𝑓 𝑓𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒 𝑖𝑛 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑒𝑑 𝑎𝑟𝑒𝑎
=

(𝑀𝑒𝑎𝑛 𝑓𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒 𝑜𝑓 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑒𝑑 𝑎𝑟𝑒𝑎 − 𝐵𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 𝑓𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒) 𝑥 𝑐𝑜𝑛𝑐. 𝑎𝑟𝑒𝑎
𝑥 100%
(𝑀𝑒𝑎𝑛 𝑓𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒 𝑜𝑓 𝑡𝑜𝑡𝑎𝑙 𝑐𝑒𝑙𝑙 𝑎𝑟𝑒𝑎 − 𝐵𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 𝑓𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒) 𝑥 𝑡𝑜𝑡𝑎𝑙 𝑐𝑒𝑙𝑙 𝑎𝑟𝑒𝑎
One-way ANOVA and multiple comparison ANOVA tests were performed through

Prism.
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Chapter 3
Results

Rapamycin Assay Optimization
The goal of the study was to use the rapamycin assay to visualize migration of specific
Rab-positive compartments upon interaction with one another and cytohesins. For optimal assay
results, rapamycin incubation times were varied to determine a time that resulted in clear
clustering of m-Cherry myc-FRB and the fluorescently-tagged Rab of interest at the cell center.
The experiment was replicated twice, with data compiled, to ensure reproducibility. Upon
fixation and staining post-Rab5a transfection, without rapamycin treatment, Rab-positive
compartments were distributed throughout the entire cell. No clear migration patterns were seen
for the mCherry myc-FRB domain or CFP Rab5a (Fig. 6).

Figure 6: Rapamycin Time Scale 0 Hour

HeLa cells were transfected with PCXN Turq Rab 5a, pBa FRB Myc Rab 5a, and pBa-flag
BicD2 FKBP. Cells were stained ~24 hours following transfection. Myc-FRB domain visualized
through mCherry Turq Rab 5a visualized through CFP channel.
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Subsequent incubation of Rab5a-transfected cells with rapamycin showed increased fluorescence
concentration with increased incubation time, up to 3 hours, due to Rab-positive compartment
migration to the cell-center. This change was able to be seen through fluorescent microscopy
alone before quantification (Fig. 7).

Figure 7: Rapamycin Time Scale 1-3 Hour
The average number of fluorescent particles per cell and average particle size per cell was
measured, allowing migration from incubation times to be compared numerically. Overall,
particle number reduced significantly from 27.29 to 1.71, about 94%, for mCherry (Fig. 8, p <
.0001) and about 93% from 19.35 to 1.29 for CFP (Fig. 8, p<.0001). The percent reduction for
the particle number was under 70% from 0 to 1 hour and under 90% from 0 to 2 hour for both
mCherry and CFP (Fig. 8).
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Figure 8: Rapamycin Time-Scale Particle Number (+/- SE)
Average particle number of fluorescent proteins based on treatment time (N=20). Both mCherry
myc-FRB and CFP Turq Rab reduced in particles present with increasing incubation time.
Pronged bars show statistical significance at p < 0.001 (**), p < .0005 (***), or p < .0001 (****).
While particle number significantly decreased after only 1 hour of rapamycin treatment,
particle size showed no significant differences until incubation from 2 to 3 hours for both
mCherry and CFP (Fig. 9, p < .05). The average particle size for mCherry myc-FRB decreased
from 656.85 nm2 to 305.72 nm2 during 2 to 3 hours, while CFP decreased from 649.26 nm2 to
291.09 nm2.
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Figure 9: Rapamycin Time-Scale Particle Size (+/- SE)
Average particle size of fluorescent proteins based on treatment time (N=20). Both mCherry
myc-FRB and CFP Turq Rab increased in particle size before reducing in size again. Pronged
bars show statistical significance at p < 0.05 (*).
After analysis of all incubation times in regards to resulting particle number and particle
size, the 3-hour rapamycin incubation was chosen for use in following experiments. Treatment
time of 3 hours produced the smallest average particle number per cell, as well as small average
particle size comparatively.

Rab Endosomes Show Recruitment of Expected Rabs
Following optimization of rapamycin incubation time, every Rab myc-FRB was
transfected with every turquoise fluorescent Rab available —Rab5a, Rab7, Rab8a, and Rab11—
to observe levels of association of specific Rabs with one another. Motor myc-FRB and
turquoise fluorescent EHD1 was also transfected with all available Rab proteins. Each myc-FRB
protein was expected to move its respective fluorescent protein. Migration to the cell center was
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observed in all cases for the mCherry motor myc-FRB compartment, indicating successful
rapamycin linkage. Depending on the motor and turquoise transfection pair, different levels of
migration of CFP to the cell center was observed. Higher rates of interaction with myc-FRB Rab
by fluorescent protein compartment resulted in higher amounts of CFP in cell-center.
A panel of Rab myc-FRB and fluorescent protein compartment transfections shows
relative interactions of each specific Rab with one another (Fig. 10)
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Figure 10: Association of HeLa Cells Transfected with Various myc-FRB and
Fluorescent Compartment Markers
The percentage of Rab fluorescence in the myc-FRB concentrated compartment was
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calculated for each myc-FRB compartment to quantify the association between proteins and their
migration (Fig. 11)
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Figure 11: Percent Fluorescence in myc-FRB Concentrated Compartment based on Fluorescent
Compartment Marker (+/- SE)
Pronged bars show statistical significance at p < 0.001 (**), p < .0005 (***), or p < .0001 (****)
(N=10).
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All mCherry Rab myc-FRB compartments paired with matching fluorescent
compartment markers showed significantly enhanced migration to the cell-center for the
fluorescent compartment marker as expected, except for Rab8a. For myc-FRB Rab5a, 28.34% of
Turq Rab5a was present in the mCherry concentrated compartment, while only 6.58% to 9.35%
of total fluorescence of the other fluorescent compartment markers were present in the
concentrated area (Fig. 11A, p < .0005 to .0001). Myc-FRB Rab7 assay showed 28.95% of Turq
Rab7 fluorescence in the concentrated area, while the other fluorescent compartments resulted in
only 5.21% to 11.68% total fluorescence in the concentrated area (Fig. 11B, p < .0005 to .0001).
Rab11 myc-FRB and EHD1 had 22.49% and 13.95% of their fluorescent counterparts’
fluorescence in the concentrated compartment (Fig. 11D, E, p <.001 to .0001). These percentages
were once again the highest when compared to all other fluorescent protein compartments
transfected with respective motor domains.
On the other hand, myc-FRB Rab8a assays resulted in 7.62% of Turq Rab8a fluorescence
in the concentrated compartment, while Turq Rab11 had 15.36% of total fluorescence within the
concentrated compartment (Fig. 11C). This suggests that Rab11 may by interacting with Rab8a
more than Rab8a interacts with itself. From a statistical standpoint, significant results were
obtained for all transfections when comparing matching myc-FRB domains and fluorescent
protein compartments with the other fluorescent protein compartments, for all but Rab8a.
Along the lines of myc-FRB Rab8a attracting a large percentage of fluorescence from
Rab11, other myc-FRB domains also had heightened associations with other Rabs. Myc-Rab11
had 10.78% of Rab 8a fluorescence in the concentrated compartment, higher than the 3.314.06% of fluorescence of other Rabs to the concentrated compartment (Fig. 11C). Similarly, for
myc-FRB EHD1, there was not a significant decrease in the amount of fluorescence between
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fluorescent EHD1 and Rab8a, as 10.25% of Rab8a fluorescence was in myc-FRB EHD1’s
concentrated compartment (Fig. 11E). This finding is not unexpected as Rab8a, Rab11, and
EHD1 are all known to be involved in recycling endosome trafficking regulation (Goldenring,
2015).
Another way the association of Rab-positive compartments was analyzed was through
graphing mean fluorescence of all fluorescent protein compartments in the myc-FRB
concentrated compartment compared to mean fluorescence in the overall cell. Significantly
higher levels of fluorescence were recorded for each myc-FRB when paired with matching
fluorescent protein compartment, demonstrating increased levels of recruitment for specific
fluorescent compartments. Rab5a had 2.97 times, Rab7 had 3.08 times, Rab8a had 2.86 times,
Rab11 had 4.06 times, and EHD1 had 3.59 times higher fluorescence in the concentrated area as
opposed to the overall cell in the matching myc-FRB domain cell. All assays showed the largest
increase fluorescence between overall cell and concentrated area for the fluorescent protein
compartment that correlated with myc-FRB domain (Fig. 12)
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Figure 12: Mean Fluorescence in myc-FRB Concentrated Compartment vs. Overall Cell
Fluorescence (+/- SE)
Pronged bars show significance at p < .05(*), p < .001(**), p < .0005(***), or p < .0001(****)
(N=10)
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Classifying ARNO Interactions

Finally, a look into the endosomal compartments that cytohesins bind to was the main
goal of this study. Through identification of these compartments the trafficking mechanisms that
cytohesins regulate, and the protein signaling pathways that regulate those cytohesins, will be
able to be better understood. In order to begin this investigation, each myc-FRB Rab as well as
myc-FRB EHD1 was transfected with Venus ARNO. The percent fluorescence in the myc-FRB
concentrated area was recorded through the YFP channel for Venus ARNO.

Figure 13: Percent Fluorescence in myc-FRB Concentrated Compartment based on YFP
ARNO (+/- SE)
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Pronged bars show statistical significance at p < 0.05 (*) (N=10).
The greatest percentage of fluorescence was found in the concentrated compartment of
myc-FRB Rab8a at 27.52% which was significantly higher than myc-FRB Rab11 at 13.59%
(Fig. 13, p < 0.05). Rab8a fluorescence was not found to be significantly higher than the other
myc-FRB proteins, however, which ranged from 18.71% to 22.56%. The lack of significance
suggests that there is no preferential association of ARNO with multiple proteins.
In addition, the mean fluorescence of YFP ARNO in the myc-FRB concentrated
compartment compared to mean fluorescence in the overall cell was analyzed. YFP ARNO
showed increased mean fluorescence for all myc-FRB proteins. Mean fluorescence increased for
all myc-FRB proteins, but no significance was found in the difference of mean increase of
ARNO fluorescence between myc-FRB proteins (Fig. 14). The results of the assay indicate that
ARNO may not associate with any specific Rab, and therefore any specific endosomal
compartments, but more replications are necessary before any conclusions can be drawn. Future
comparison of colocalization coefficients between cytohesin and Rab proteins will also provide
more insight to protein relationships. Additionally, stimulation of cytohesin, which is primarily
cytosolic while inactive, to induce membrane binding, with HGF or serum stimulant may also
increase colocalization.

Figure 14: Mean Fluorescence of YFP ARNO in myc-FRB Concentrated Compartment vs. Overall
Cell Fluorescence (+/- SE) (N=10)

32

Chapter 4
Discussion
Epithelial migration, necessary for fundamental processes such as development, woundrepair, and tumor metastasis, is regulated by several proteins and protein signaling pathways.
Among those proteins, cytohesins such as cytohesin-2/ARNO and cytohesin-3/Grp act as GEFs
to regulate ARF GTPases and other GTPases. In this study, the project goal was met by
successfully using the rapamycin assay to quantitatively analyze the interactions between Rabpositive compartments with one another and with cytohesin-2/ARNO. By defining these
relationships, the protein signaling pathway that leads to the recruitment of specific cytohesins to
specific endosomes can be elucidated to better understand the mechanisms that underlie
epithelial migration.
Rapamycin assay optimization was the first set of experiments performed. A previous
study by Bentley et al. (2015), which established this novel assay and served as the foundation
for this project, specified a rapamycin treatment time between 1 to 3 hours, but did not specify
the optimal treatment time. After experimentation, the 3-hour treatment time was optimal to
generate the smallest average particle size in relation to the average particle number. Rapamycin,
rather than a rapamycin analog, and a transfection time of 24 hours rather than 48, was
additionally shown to be most effective when compared to the previous study.
Following assay optimization, HeLa cells were transfected with myc-FRB proteins as
well as fluorescent compartment markers in order to compare association levels between
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proteins. As expected, Turq Rab5a was shown to have the highest association with myc-FRB
Rab5a. Experimentation with myc-FRB Rab7 had similar results, with Turq Rab7 having the
highest association, determined by the percentage of CFP fluorescence in the myc-FRB
concentrated compartment, with myc-FRB Rab7. Both myc-FRB Rab5a and Rab7 transfection
experiments resulted in the other Turq protein demonstrating the second highest level of
interaction. Rab5a is characteristic of early endosomes while Rab7 is characteristic of late
endosomes, and interaction between the two is expected during transition from early to late
endosome. Furthermore, the GEF C VPS/HOP complex recruits Rab7 to replace Rab5a in
endosome transition (Rink et al., 2005). C VPS/HOPS activity could spike the visualization of
Rab5a in the myc-FRB Rab7 concentrated compartment, and vice versa.
Rab8a, Rab11, and EHD1, all characteristic of recycling endosomes, were shown to
associate with each other preferentially over Rab5a and Rab7. Rab11 associated at a higher level
with myc-FRB Rab8a than Turq Rab8a. These findings may stem from the fact that Rab8a and
Rab11 both interact with many of the same proteins, such as the actin motor Myosin Va, actin
motor Myosin Vb, and GEF Rabin8. Rab8a is also known to recruit EHD proteins to initiate
tubulation (Goldenring, 2015). This recruitment explains elevated levels of interaction between
EHD1, Rab8a, and Rab11.
Lastly, transfection of HeLa cells with YFP ARNO showed no preferential association
with any Rab myc-FRB or with EHD1 myc-FRB. No known previous studies have measured the
interaction levels of cytohesins and Rab proteins. Replication in future experiments is needed to
better establish the lack of significance between ARNO and multiple Rab and EHD1 proteins.
Eventually, other cytohesins, such as cytohesin-3/Grp1, can be tested and the interactions can be
reevaluated with additional cell treatment with HGF, which is regulates cytohesins. Cytohesins
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are typically autoinhibited and inactive in the cell cytoplasm, and travel to the membrane upon
activation. Stimulation of cytohesins by HGF or serum stimulants may increase robustness of
association of cytohesins with Rab-positive compartments. Expanding these experiments to other
cell types, such as MDCK cells can be tested to compare and contrast interactions between cell
types. All of these future directions will lead to a better understanding of the protein signaling
pathways that lead to epithelial migration and the role of cytohesins in those pathways.
In spite of these promising results, the study had several limitations. The rapamycin assay
was inherently not completely effective, with only about half of the cells successfully
transfecting and demonstrating migration to the cell-center after rapamycin treatment. Use of
rapamycin, rather than an analogue, may have affected results, as rapamycin targets mTOR,
which functions in cell growth (Zou et al., 2016). Although all HeLa cells, different populations
of cells were used for varying experiments, leading to inconsistent transfection efficiencies and
fluorescence intensities. This factor may have been the root cause of the surprising result of
higher Rab11 association with myc-FRB Rab8a than Turq Rab8a. The YFP ARNO assay also
was not optimized, as very few cells that were successfully transfected with YFP ARNO also
showed migration of m-Cherry myc-FRB domain due to rapamycin. A lack of concrete threshold
cutoffs in Fiji analysis also introduces variability, as thresholds were established based on
estimation. Lastly, the lack of several experiment replicates reduces the reliability of the data and
ability to draw conclusions.
Overall, this study introduces a new, more efficient and robust assay to investigate
protein signaling pathways in epithelial cells. By using the rapamycin assay, Rab-positive
compartments can be targeted for migration to the minus-ends of microtubules at the cell center,
where their associated Rabs and proteins can be evaluated and identified quantitatively.
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Fluorescence levels in concentrated areas and mean increase in fluorescence in concentrated
areas compared to the overall cell can be analyzed to demonstrate trends of association. Expected
interactions of Rabs and EHD1 are supported using this method and cytohesin is shown to
generally associate non-preferentially with each Rab and EHD1. This study comprises the
groundwork for continuing studies that will increase knowledge on epithelial migration protein
signaling pathways essential for key biological processes.
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